Optical properties of aged WS 2 monolayers grown by CVD method on Si/SiO 2 substrates are studied using temperature dependent photoluminescence and reflectance contrast spectroscopy. Aged WS 2 monolayers have a typical surface roughness about 0.5 nm and, in addition, a high density of nanoparticles (nanocaps) with the base diameter about 30 nm and average height of 7 nm. The A-exciton of aged monolayer has a peak position at 1.951 eV while in as-grown monolayer the peak is at about 24 meV higher energy at room temperature. This red-shift is explained using local tensile strain concept, where strain value of 2.1% was calculated for these nanocap regions. Strained nanocaps have lower band gap energy and excitons will funnel into these regions. At T=10K a double exciton and trion peaks were revealed. The separation between double peaks is about 20 meV and the origin of higher energy peaks is related to the optical band gap energy fluctuations caused by random distribution of local tensile strain due to increased surface roughness. In addition, a wide defect related exciton band X D was found at about 1.93 eV in all aged monolayers. It is shown that the theory of localized excitons describes well the temperature dependence of peak position and halfwidth of the A-exciton band. The possible origin of nanocaps is also discussed. © 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
Optical properties of aged WS 2 monolayers grown by CVD method on Si/SiO 2 substrates are studied using temperature dependent photoluminescence and reflectance contrast spectroscopy. Aged WS 2 monolayers have a typical surface roughness about 0.5 nm and, in addition, a high density of nanoparticles (nanocaps) with the base diameter about 30 nm and average height of 7 nm. The A-exciton of aged monolayer has a peak position at 1.951 eV while in as-grown monolayer the peak is at about 24 meV higher energy at room temperature. This red-shift is explained using local tensile strain concept, where strain value of 2.1% was calculated for these nanocap regions. Strained nanocaps have lower band gap energy and excitons will funnel into these regions. At T=10K a double exciton and trion peaks were revealed. The separation between double peaks is about 20 meV and the origin of higher energy peaks is related to the optical band gap energy fluctuations caused by random distribution of local tensile strain due to increased surface roughness. In addition, a wide defect related exciton band X D was found at about 1.93 eV in all aged monolayers. It is shown that the theory of localized excitons describes well the temperature dependence of peak position and halfwidth of the A-exciton band. The possible origin of nanocaps is also discussed. 
© 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY
)
I. INTRODUCTION
Layered semiconductor compounds involving transition metals from group VI and chalcogens (TMDs) are promising candidates for studying atomically thin structures and have attracted considerable attention because of their unique properties and their potential applications in various opto-electronic devices. 1 The basic building block of these layers consists of one atomic layer of transition metal atoms sandwiched by two chalcogen atomic layers, thus forming one monolayer. All these monolayers have a strong intra layer chalcogen-metal covalent bond while different layers are weakly linked by van der Waals forces. These binary compounds are typically semiconductors with an indirect band gap, while monolayers often have a direct band gap in the visible or near infrared spectral range. The band gap energy of WS 2 bulk crystals is about 0.88 eV, while the monolayer shows an optical bandgap around 2.0 eV. 2 Optical properties of WS 2 monolayers have been studied in many papers. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The room temperature photoluminescence (PL) spectrum of the WS 2 monolayer is characterized by the presence of two exciton peaks that arise from vertical transitions at the K point of the Brillouin zone from a spin-orbit-split valence band to a nearly degenerate conduction band. These PL peaks are called as A and B peaks with peak positions near 2.0 and 2.4 eV, respectively. 15 So the spin-orbit splitting of the valence band is found to be 425 meV in WS 2 monolayer. 16 Besides a neutral A 0 exciton peak a trion (A -) peak is often visible at about 43 meV lower energy. 11 At temperatures below T=80K the trion peak usually dominates. However, the actual peak positions of excitons and trions are very sensitive to the preparation method of monolayers. Often monolayers grown by chemical vapor deposition (CVD) on Si/SiO 2 substrates show PL emission at lower energies with respect to monolayers transferred by mechanical exfoliation from bulk crystals or monolayers grown on other substrates. 17, 18 The main reason of this redshift is believed to be related to the strain in as-grown monolayers, which is usually released after the monolayer is transferred on the same Si/SiO 2 substrate. 5, 19 It was found that the uniaxial tensile strain could cause the red shift of A-exciton peak in WS 2 monolayer at a rate -11.3 meV per % of strain. 5 However, slightly higher values were predicted by theoretical calculations. 19 The origin of the strain in as-grown monolayers is due to the different thermal expansion coefficients (TEC) of WS 2 and SiO 2 substrate. But additional strain could be related to the surface roughness, which is causing a local strain depending on a surface topography. In MoS 2 monolayers this concept was verified by creating artificial atoms 20 or wrinkles 21 on a substrate surface and thus getting very high values of local tensile strain and, accordingly, band gap energy fluctuations. The formation of quite high wrinkles in WS 2 monolayers due to strain relaxation processes was recently reported 22 and the A 0 band was red-shifted in these wrinkled areas due to layer bending. Even in WS 2 monolayers prepared by mechanical exfoliation there is a remarkable inhomogeneous strain across the monolayer's area and spatial non-uniformity of the electron density across the monolayer surface due to oxygen chemisorption. 23 Besides a strain many structural defects exist in CVD-grown WS 2 on Si/SiO 2 . These defects introduce localized states in the bandgap, leading a dramatic decrease in the carrier mobility. It was found that CVDgrown monolayer of WS 2 on Si/SiO 2 substrate shows about 10 3 times lower carrier mobility than mechanically exfoliated samples measured under similar conditions. 24, 25 It was also reported, that during CVD growth S-rich and S-poor domains could be formed within WS 2 monolayers with very different properties and this could be also one possible reason of spatial non-uniformity of WS 2 monolayers. 26 Majority of TMD studies were performed on fresh grown monolayers and usually all these compounds have been considered as air-stable semiconductors under ambient conditions. However, recent studies show that CVD grown TMD monolayers exhibit not so good long-term stability in air and usually large-scale structural and morphological changes can be detected after about 1 year storage at normal laboratory atmosphere. 27 The presence of oxidized metal states and organic adsorbates were detected in aged MoS 2 and WS 2 monolayers. The degradation of monolayers commonly starts from grain boundaries and these oxidation processes can be accelerated by using higher temperatures. 28 Unfortunately, optical properties of aged TMD monolayers have not been studied in detail so far. However, it was reported that the PL intensity of aged WS 2 monolayers grown on sapphire substrate drops noticeably and shows large spatial variations. 27 In our recent paper 29 optical properties of aged MoSe 2 monolayers were studied. These monolayers showed quite high surface roughness leading to a random distribution of local tensile strain and, thus, spatial optical band gap energy fluctuations. Local band gap minimums are capable of efficient funneling and localization of excitons. It was shown that the model of localized excitons describes well the shape and temperature dependence of excitonic PL band. It is obvious that aging of TMD monolayers is quite complicated and different monolayers can show very different behavior. Therefore aging processes and their effect on optical properties of different TMD monolayers definitely need further studies to clarify the nature aging and to understand exciton localization routes.
In the present work we provide new and additional to Ref. 29 experimental results on optical properties of CVD grown and aged WS 2 monolayers on Si/SiO 2 substrates. We show that also aged WS 2 monolayers exhibit different local strains due to surface topography leading to excitons localization.
II. EXPERIMENTAL DETAILS
An original tellurium-assisted CVD method was used to synthesize WS 2 layers on Si/SiO 2 substrate under atmospheric pressure in a quartz reaction tube (inner diameter ∼ 5 cm). For WS 2 synthesis, mixed W and Te powders were scattered on a Si/SiO 2 substrate. The quartz tube was heated to 500°C at a rate of 50°C/min and was then kept at 500°C for 15 min before cooling. Using W/Te precursor allows growth at temperatures much lower when compared to that of CVD syntheses using WO 3 precursors (∼800°C). The sulfur powder was loaded at the upstream zone inside the same quartz tube with a temperature of about 200°C. Argon (100 sccm) was used as protection from oxidation and carrier gas during growth. No tellurium containing phases were detected after growth in WS 2 layers. More details of the growth process can be found in the paper by Y. Gong et al. 12 WS 2 monolayers used in this study were stored in air under ambient conditions (i.e., room temperature and atmospheric pressure) for about 1 year.
Raman, reflectance contrast (RC) and µPL measurements were carried out using a Horiba LabRAM HR800 Micro-Raman system or a Renishaw inVia Raman microscope (through 50x or 100x objective lenses) equipped with a multichannel CCD detection system in the backscattering configuration with a spectral resolution better than 1 cm -1 . An Nd-YAG laser (wavelength 532 nm) or an Ar laser (wavelength 488 nm) was used for excitation. The laser spot size was about 2 µm in diameter. Linkam THMS350V heating/cooling stage was used for temperature dependent Raman measurements (T=80-300K). For the low temperature (T=10-300K) PL and RC measurements, the UTREKS-LSO cryosystem with the helium-bath cryostat was used. An atomic force microscope (AFM; Bruker Multimode) with a Nanoscope V controller was used to determine the surface roughness and the thickness of the layers.
III. RESULTS AND DISCUSSION

A. General properties
The WS 2 monolayers mainly grow as triangular islands with domain sizes up to tens of micrometers (see Fig. 1 (a) (b) ). There are also regions where additional 2L and even 3L layers can be observed in the center of some triangles. The thickness of as-grown WS 2 monolayers was measured with AFM and was about 0.8 nm and the sample surface was quite smooth (surface roughness ∼0.3 nm). 12 On the contrary, aged WS 2 monolayers have a typical surface roughness about 0.5 nm and, in addition, a high density of nanocaps with the base diameter about 30 nm and average height of 7 nm, see Fig. 1(c) . Similar nanocaps were found also in aged MoSe 2 monolayers. 29 Figure 2 shows the Raman spectra of aged WS 2 monolayer at different temperatures. All Raman spectra measured from different monolayer islands are quite similar and do not differ significantly from the spectra of as-grown layers. The frequency separation of ∼60 cm -1 between E 1 2g (Γ) and A 1g (Γ) modes is typical for single layer WS 2 measured in many papers. [30] [31] [32] [33] At the same time the µPL spectrum of aged WS 2 monolayer is red-shifted about 24 meV, see Fig. 3 . It is known that the PL peak position of TMD monolayers is very sensitive to the strain and often CVD grown monolayers show exciton emission at lower energy than monolayers transferred by mechanical exfoliation from bulk crystals. It has been shown that the thermal expansion coefficient (TEC) of WS 2 is smaller than that of the Si/SiO 2 substrate. 34 Therefore, we will expect an in-plane compression stress on WS 2 during cooling after CVD growth and, finally, formation of tensile strain. It was found 19 that the strain affects a band gap energy and also a work function of WS 2 . Often this compressive stress leads to formation of ripples and other local inhomogeneities with different strain values. As it was shown 19 the tensile stress (positive strain) has higher effect on the band gap energy than the compressive stress (negative strain). So it is natural to believe that in our aged monolayers some additional tensile strain is causing this 24 meV red-shift of exciton PL peak and the origin of this extra strain seems to be related to observed nanocaps.
The room temperature µPL spectrum of aged monolayer showed only one slightly asymmetric A-exciton peak. Completely different spectra were obtained at T=10K, see Fig. 4 , where 5 different PL bands can be clearly observed. All spectra were fitted using an asymmetric hyperbolic secant function in Fig. 4 of the spectra taken from different islands and different positions demonstrate large spatial variations of monolayers properties. At the same time peak positions of all PL bands (except X D ) remained almost constant. All PL bands can be divided into 3 groups: A-exciton peaks A 0 (E max = 2.030 eV) and A 0 S (E max = 2.010 eV); trion peaks A (E max = 1.989 eV) and A − S (E max = 1.970 eV), and a deep defect related exciton peak X D (E max = 1.93 eV). Here the subscript S denotes shallow states. The double structure of exciton and trion peaks is rather extraordinary and can be seen merely at very low temperatures (T < 30K). At higher temperatures only A 0 and A peaks together with X D peak persist. The separation between double peaks is about 20 meV. The origin of these peaks will be further discussed later. Rather high intensity of defect related exciton peak X D in all monolayer islands is a clear indication of high concentration of defects in aged WS 2 monolayers. We also observed that the high intensity of X D peak is usually accompanied by the high intensity of trion peak. Figure 5 presents the PL spectra of aged WS 2 monolayer measured at T=80K using different laser power. All spectra were fitted with an asymmetric hyperbolic secant function and the fitting result for 3.5 µW spectrum is presented as blue and red lines. The inset shows the integrated intensities of A 0 , A and X D bands as functions of the excitation power. With the increase in the excitation power, the emission from exciton and trion states linearly increases (slope = 1) over the whole studied range. The emission from X D shows a sublinear dependence and saturates at higher excitation power. Similar saturation of the wide X D band was observed also in MoS 2 36 and in other WS 2 monolayers. 10 The nature of defects responsible for the X D band is not clear, but due to very wide and somewhat variable shape of this band we can expect a presence of several different defects.
B. Temperature dependence
For temperature dependent RC and µPL measurements we selected monolayer regions, where low-temperature PL intensities of X D and trion bands were lowest and, thus, the shape of the A 0 band is more or less well defined. Unfortunately at temperatures T < 80K the X D and trion bands started to appear and the reliability of PL spectral fitting suffers a lot. This was not a case with RC measurements, where spectra were unaffected by trion resonances even at very low temperatures, see Fig. 6 (a). If R(E) and R 0 (E) are the reflectance spectra of the WS 2 monolayer and the Si/SiO 2 substrate respectively, as a function of the photon energy (E), then the RC spectrum is defined as 
follows: RC(E)=[R(E) -R 0 (E)]/[R(E)+R 0 (E)].
As it was shown 37 the inverted reflectance contrast spectra of 2D monolayers near the exciton resonances are usually proportional to the absorption and therefore the shape of inverted RC can be used to probe the density of excitonic states. For the RC peak fitting we used again the asymmetric hyperbolic secant function after subtracting slowly changing background. The asymmetric hyperbolic secant function was used because RC peak had an asymmetric shape with larger width at low energy side. The ratio W LE /W HE was about 2.5 and did not change with temperature. Both, A and B exciton peaks were detected. The same fitting function was used also for µPL spectra, presented in Fig. 6 (b) . Values for peak position E max and full width at half maximum (FWHM) for A 0 -exciton peaks were calculated numerically from fitting curves and are presented in Fig. 7 . The temperature dependence of A 0 -exciton peak position obtained from RC measurements can be well described by a standard semiconductor bandgap model: 38
where E(0) is a peak position at T= 0K, S is dimensionless electron-phonon coupling strength and ω is an average phonon energy. The fitting result with Eq. (1) is shown as a red line in Fig. 7 (a) and parameters found from fitting are given in Table I . Very similar behavior is seen also for B peak, see Fig. 7(a) . The separation between A and B exciton peaks is ∼420 meV and this value is very close to the spin-orbit splitting of the valence band 425 ± 18 meV found for WS 2 . 16 Actually, these fitting parameters are comparable with parameters for WS 2 monolayers obtained by mechanical exfoliation from a bulk crystal and without any strain. 3 However, some discrepancies also exist between the parameters. First, E(0) values differ about 42 meV. Second, the A 0 exciton peak position found from PL measurements has slightly different behavior, see Fig. 7(a) . At lower temperatures the separation between A 0 exciton peaks measured using reflectance contrast (absorption) and PL is increasing and this is typical for localized excitons, where the temperature dependence of peak position often exhibits an S-shape behavior. 39, 40 Figure 7(b) shows the temperature dependence of the full width at half maximum (FWHM) of A-exciton line found from reflectance contrast and PL spectra. The linewidth broadening of the A-exciton for RC band was fitted using the relation proposed by Rudin et al. 41 given as
where W 0 is a width at T = 0K including also inhomogeneous broadening, β is a coefficient for the interaction of excitons with acoustic phonons and the last term represents the interaction with LO (longitudinal optical) phonons, ω L O is the LO-phonon energy and is taken to be equal to 44.6 meV for WS 2 . 42 The interaction with acoustic phonons was neglected because it is usually very small. The fitting result is presented in Fig. 7(b) as a red curve and fitting parameters are shown in Table I . At higher temperatures (T > 150K) the FWHM of PL band also shows widening due to electron-phonon interaction, but the width of the PL band seems to be smaller than for RC band. This difference is related to the fact, that the PL spectrum does not represent the total exciton density of states because photoexcited carriers undergo relaxation processes before they recombine radiatively. Therefore the PL spectrum corresponds to distribution of lowest exciton energy states while reflectance contrast spectrum represents the distribution of all exciton states. However, at temperatures T < 150K the width of the PL band starts to increase rapidly with decreasing of temperature. Moreover, the shape of the PL band near the peak maximum changes and becomes wider, see Fig. 6 (b) . This behavior is again typical for localized excitons. 43 
C. Theory of localized excitons
A general model for the luminescence of localized-state ensemble (LSE) was given by Li et al. 43 According to this work the shape of PL band for localized excitons is asymmetric and can be calculated using density of states function for excitons ρ(E) and a distribution function f(E,T) for localized carriers. The f(E,T) function has a shape resembling a Fermi distribution with a characteristic energy E a . The distribution of the localized states ρ(E) is usually assumed to be described by a Gaussian-like function, but other shapes are also possible. In Ref. 29 , for example, the Lorentzian shape was used. According to Ref. 43 , the low-energy side of PL band is less affected by the distribution function f(E,T) and therefore the shape of this side gives a clue about the shape of ρ(E) function. In our case it is reasonable to approximate function ρ(E) by hyperbolic secant, because this function was the most suitable one for PL band shape fittings. Then the overall shape of localized excitons PL band is given by:
where A(T) is a temperature dependent term, ρ 0 is the amplitude, E 0 is a peak position and σ is a width of the density of states function, 1/τ r and 1/τ t r represent the rate of radiative recombination and the attempt-to-escape rate of the localized carriers, respectively. The shape calculated by Eq. (3) can be quite well fitted using an asymmetric hyperbolic secant function. At the same time, the shape and the temperature dependence of peak position E max and FWHM of localized excitons band significantly depend on E 0 and E a . In many cases 43 the best correlation with experimentally measured temperature dependencies is obtained by taking E 0 > E a . Figure 8 and the same trend was observed experimentally, see Fig. 6 (b). This means that the LSE model applies to aged WS 2 monolayer and spatial fluctuations of the bandgap energy due to local strain will induce this localization in the lowest-energy regions, where excitons will be swept by the strain-induced potential gradient and funneled toward the center. 44 The LSE model was previously proposed also for WS 2 monolayers grown on a silicon substrate in a hot-wall furnace, where the room temperature PL peak has a maximum at about 1.955 eV. 45 One potential source of the local strain is associated to relatively high nanocaps found by AFM scan on a surface of WS 2 monolayer, see Fig. 1(c) . The average distance between these nanocaps is less than the diffusion length of excitons in WS 2 monolayers (∼350 nm 46 ) and therefore excitons can be easily captured in these regions with high strain and reduced band gap energy. The possible strain ε for these nanocaps was obtained from the curvature of nanocaps using the pure-bending equation ε = (d/2)/(R -d/2), where R and d are the radius of curvature and the thickness of WS 2 monolayer, respectively. 47 Taking the average thickness of the monolayer d = 0.8 nm, height h = 7 nm and the diameter a = 30 nm of nanocaps, the tensile strain value will be ε = 2.1 % and, according to experimentally determined peak position shift of -11.3 meV per % of strain, 5 the overall peak position shift is 23.7 meV. This obtained value is in good correlation with the A 0 -exciton peak position separation between as-grown and aged WS 2 monolayers, see Fig. 3 . At low temperatures we also detected additional exciton A 0 S and trion A − S peaks at higher energies, see Fig. 4 . The position of these peaks suggests that they are also related to strained areas, where the band gap energy is about 4 meV less than in as-grown monolayers. This energy corresponds to the strain value of ε = 0.35% and this strain could be caused by the general increase of the surface roughness in aged monolayers. These states are very shallow and excitons are easily thermalized into deeper states when temperature is increased. The whole aged monolayer surface is thus disturbed by the strain having slightly different origin (increased surface roughness vs. nanocaps) and value and therefore we could see emission from localized states only. The recombination model for excitons and trions in aged WS 2 monolayer is given in Fig. 9 . At low temperatures the exciton and trion recombination is possible from both deep ρ D and shallow ρ S localized states showing double peak structure. At higher temperatures only ρ D states are active. According to our calculations ε D = 24 meV and ε S = 4 meV.
The origin of nanocaps in aged monolayer is not clear. It was shown in Ref. 27 that aging usually leads to oxidation of metal states and this process is more prominent at grain boundaries. Sulfur vacancies are similarly believed to play important role in these oxidation processes. It is also possible, that very small nanoparticles were formed on a Si/SiO 2 surface during growth and they are not completely reacted in S atmosphere. Similar nanoparticles were found in many monolayers where they acted as seeds for CVD monolayer growth. 48 During aging these nanoparticles beneath the monolayer start to expand due to oxidation and, as a result, nanocaps are formed. But again, the true origin of these nanocaps is a topic of future studies. 
IV. CONCLUSIONS
We have presented photoluminescence and reflectance contrast spectra of aged WS 2 monolayers, measured at temperatures T=10-300K. Room temperature PL spectra show the A-exciton at 1.951 eV, while in as-grown monolayer the peak was at 24 meV higher energy. We propose that this red-shift is related to the band gap narrowing due to formation of nanocaps and local tensile strain. The local strain value related to nanocaps is about 2.1%. Additional weaker strain (∼0.35%) is associated with increased surface roughness in aged monolayers. At T=10K double exciton and trion peaks were discovered and we suggest that they are present due to these different strains. In addition, a wide defect related exciton band X D was found at about 1.93 eV in all aged monolayers. We showed that the theory of localized-state ensemble can be used to describe well the temperature dependence of peak position and halfwidth of the A-exciton band.
